Environmental context. There is increasing concern from both the general public and the scientific community about microplastic-related pollution. Despite the alarming and well-documented accumulation of plastics in the marine environment, little attention has been paid to the sources, fate and effects of microplastics in terrestrial settings. We overview the prevalence of microplastics in soils, evaluate their impacts, and appraise the current difficulties in their determinations in terms of sampling, isolation and identification.
Introduction
The first reports describing microsized plastic particles in the environment were published in the 1970s (Carpenter and Smith 1972; , in which the authors detailed the presence of these materials in coastal waters. In spite of highlighting not only their presence, but also associated risks and potential hazardous consequences, including the colonisation of these particles by microorganisms and adsorption of persistent organic pollutants (POPs) in higher concentrations than those found in the ambient seawater, these early works attracted minimum attention from the scientific community. Recently, however, the increasing accumulation of data on the potential ecological consequences of these debris has sparked a renewed and sustained research interest in microplastics-related pollution (Andrady 2011) , particularly in the marine environment. As a man-made product, most sources of plastic contamination are inland, and a large fraction of the generated plastic waste ends up in landfills. For example, in Europe (EU28þNorwayþSwitzerland), 27.3 % of the 27.1 million tons collected were landfilled (PlasticsEurope 2017), while, in the US, this value was ,53 % (Narancic and O'Connor 2017) .
Microplastics (MPs) are considered as particles ,5 mm in size (Barnes et al. 2009; da Costa et al. 2017) , although other size classifications have been proposed, namely, ,10 mm (Graham and Thompson 2009 ), 2-6 mm (Derraik 2002) , ,2 mm (Ryan et al. 2009 ) and ,1 mm (Claessens et al. 2011) . Smaller plastics, defined as nanoplastics, have been defined as particles ,100 nm in at least one dimension Mattsson et al. 2015) , or 1 mm (da Costa et al. 2016; Hartmann et al. 2015; Gigault et al. 2018) . Nevertheless, considering the proposed classification of nanoplastics by the European Union as plastic particles ,100 nm (EU Commission 2011), many researchers have now adopted this definition. These microsized materials are believed to accumulate in the environment as a result of either their direct release or through the fragmentation of larger debris, respectively classified therefore as primary or secondary MPs. Yet, despite these recognised risks, MPs have been studied almost exclusively in aquatic settings, with an emphasis on marine environments and related shorelines (Rillig 2012) . Numerous reasons may contribute to this, such as the reported estimate that up to 80 % of the plastic waste ends up in oceans (Sheavly and Register 2007) and that, presently, although macro-sized debris account for the larger portion of plastic in the ocean by mass (kg km À2 ), MPs significantly outnumber larger plastic debris (items km À2 ) (GESAMP 2015) . Consequently, these data convey the urgent need to research the prevalence, fate and effects of MPs in aquatic settings, although such research needs should not obfuscate the additional necessary research on terrestrial matrices. This has resulted in some difficulties in translating and propagating marine ecological investigation ideas to terrestrial research (Rillig 2012) . Nonetheless, perhaps more important are the inherent technical difficulties in isolating and characterising microplastic particles from a complex solid or organo-mineral matrix, such as soil, when compared with the relative ease with which these particles may be extracted from water. However, the presence of plastics in soils is not new, and, in fact, some soils, defined as Technosolssoils 'whose properties and function are dominated by technical human activity as evidenced by either a substantial presence of artefacts, an impermeable constructed geomembrane, or technic hard rock' (Rossiter 2007) -are deliberately manufactured containing these materials (Resulović and Č ustović 2007) . The presence of MPs in aquatic environments has been demonstrated to have deleterious effects on numerous aquatic organisms (e.g. Lee et al. 2013; Cole and Galloway 2015; Bergami et al. 2016) , and, therefore, it stands to reason that these materials may exhibit a similar degree of ecotoxicological effects on terrestrial biota, particularly when considering that smaller organisms, such as rotifers and ciliates, thrive on thin films of water covering soil surfaces (Coleman et al. 2017) , essentially living in water. Mesofauna, namely, collembola (arthropods) or enchytraeidae (annelids) can certainly ingest MPs, with already demonstrated histopathological and molecular effects on these organisms (Rodriguez-Seijo et al. 2017) .
It is therefore essential to better understand the routes through which MPs reach the terrestrial environment and how they can effect -if at all -the associated biota, making their correct isolation and characterisation of paramount importance.
Sources
Primary MPs, that is, plastics deliberately manufactured (and released) in the micro-sized range, can be found in numerous household items, such as cleaning products, cosmetics -particularly, exfoliating scrubs -and hygiene products, including toothpaste (Fendall and Sewell 2009; Duis and Coors 2016; da Costa et al. 2017) . These easily make their way into wastewater treatment plants (WWTP), where they are only partially removed Carr et al. 2016) , although it has been suggested that removal efficiencies of MPs in WWTP can be greatly improved by the inclusion of advanced final-stage wastewater treatment technologies, such as membrane bioreactors (Talvitie et al. 2017 Coimbra (2002), and completed her MSc in Instrumental Methods and Analytical Control (2006) and PhD degree in Chemistry (2011) Chemistry (1996) , and obtained a PhD in Chemistry (2000) and an Aggregation in Chemistry (2018) cycles (secondary MPs), the degree of which, interestingly, has been shown to depend on whether detergent is used, yet the type of detergent (liquid or powder) or its overdosing do not appear to affect the total mass of fibres released (Hernandez et al. 2017) . Hence, it is not surprising that these materials can be found in WWTP sludge, as a significant proportion of these is removed during the skimming and settling processes (Carr et al. 2016) . Because sewage sludge, as a biological residue, is often used in agriculture as an alternative disposal technique of waste (Singh and Agrawal 2007) , it indeed constitutes an important entry pathway of MPs into soils, similar to organic fertilizers (compost) obtained from the fermentation and composting of biowaste (Weithmann et al. 2018) . However, other sources compound onto the total MPs loading in WWTPs and resulting sludge, including landfills leachates (Magnusson et al. 2017) , industrial effluents , particularly from industrial activities focusing on the production of plastic products, and those that resort to the use of airblasting processes (da Costa et al. 2016) , and medical applications, namely, the use of polymers for drug delivery (Magnusson et al. 2017) . Lastly, urbanised areas, including roads and transport infrastructures, as well as storm and rainwater, also contribute to the accumulation of MPs in WWTPs and the resulting sludge (Dris et al. 2018; Venghaus and Barjenbruch 2017) . Of particular relevance are also tyres. Their wear and tear have been estimated to result in per capita emissions ranging from 0.23 to 4.7 kg year À1 , with a global average of 0.81 kg year À1 (Kole et al. 2017 ). However, their accurate contribution to the presence of MPs in soils, in specific, and in the environment, as a whole, is difficult to ascertain, owing to the inherent variability stemming from tyre composition, duration of use, road type and conservation status, as well as precipitation and sewage systems. MPs can also accumulate in soils owing to general littering and dumping of plastic waste. Inappropriately managed landfilling locations can also incur significant losses of plastic materials, which may occur during waste collection (Duis and Coors 2016) . Properly managed facilities usually cover, on a regular basis, the deposited waste with soil or synthetic materials, and the site itself is protected by a fence, which prevents debris from being blown away. Nonetheless, this is not the case in developing regions (Lambert et al. 2014) and, even in suitably controlled sites, natural disasters, such as hurricanes, could lead to the deposition of large quantities of plastic on soils.
In agricultural soils, there has been an increasing concern regarding the high prevalence of MPs (Nizzetto et al. 2016) . In fact, sludge amendment and plastic mulching, the use of a thin plastic layer on crops, have been described as important routes of entry of both plastics and MPs into the environment, with still unknown consequences (Rillig et al. 2017a ). The latter, plastic mulching, has become a globally applied agricultural technique for its instant economic benefits, including earlier harvest and higher yields, as well as increased waste-use efficiency and improved fruit quality (Steinmetz et al. 2016) . However, the direct and indirect consequences of this practice are very much undetermined, although it has been clearly demonstrated that the use of plastic sheeting results in increased greenhouse gas emissions . Regarding sludge amendment, it is estimated that in Europe and North America ,50 % of sewage sludge is further processed for agricultural use (Nizzetto et al. 2016) . Combining sewage sludge fate, national data on farm areas and microplastic estimations, Nizzetto and colleagues projected that between 125 and 850 tons of MPs/million inhabitants are added annually to agricultural soils in Europe alone (Nizzetto et al. 2016) , which translates to a yearly total ranging from 63000 and 430000 tons of MPs deposited in European farmlands, while, in North America, estimates point to 44 000 to 300 000 tons (Ng et al. 2018) . In China, where regulations regarding the use of biosolids from sludge are less stringent than those governing their use in the US (USEPA 40 CFR Part 503) (EPA 1993) and European Union (Directive 86/278/EEC) (EU Commission 1986), a recent report described an average plastic particle abundance of 18 760 particles kg
À1
, of which over 90 % corresponded to fibres and ,4 % for both fragments and films . In fact, owing to this high prevalence of synthetic fibres, these have been suggested as an indicator for land application of sludge (Zubris and Richards 2005) . Additionally, atmospheric fallout of MPs, particularly, fibres, could also be an important source of these materials in soils, as described by Dris and colleagues, who determined that this phenomenon is more relevant in highly urbanised areas and that up to 29 % of the fibres in atmospheric fallout contained petrochemicals (Dris et al. 2016) . It is therefore clear that the sources of (micro)plastics in soils are varied and that, although less studied, it is essential to understand what happens to these materials once in terrestrial environments.
Fate
When in the environment, owing to exposure not only to the elements, but also to animal, microbial and human activity, MPs may undergo (bio)degradation. Depending on their chemical structure, different polymers are susceptible at varying degrees to different degradation processes. The most commonly used polymers, namely, polypropylene (PP), polyethylene (PE), polyvinylchloride (PVC), polyethylene terephthalate (PET) and polystyrene (PS), possess a carbon backbone, as illustrated in Fig. 1 , and are generally regarded as being resistant to hydrolytic and enzymatic degradations (Ng et al. 2018) . Hence, ultimately, these materials undergo degradation through several mechanisms, such as thermal and photo-oxidative, often followed by a certain number of biodegradation processes mediated by different microorganisms, after prolonged periods of environmental exposure (Corrales et al. 2002; Singh and Sharma 2008; Steinmetz et al. 2016) .
However, in soils, MPs are susceptible to being transported and numerous reports describe the movement of these materials by different species, including earthworms and collembola ( Rillig et al. 2017b; Huerta Lwanga et al. 2017a; Maaß et al. 2017) . Presently only theorised, it is also possible that plant movement, such as uprooting and root growth, may contribute to the transport of MPs in soils and, closely associated, fungal hyphae growth may also have a similar effect (Rillig et al. 2017a ). These contributions have not yet been established, though, if existing, they may have a limited range on the centimetre scale. On a larger scale, human activity, such as ploughing, may also contribute to the vertical movement of MPs, which effectively results in their vertical and horizontal transport in soils. As a consequence, the subsurface localisation of these materials could result in lower degrees of photo and thermal degradation, an essential process that precedes biotic mechanisms in the degradation of plastics, particularly PE, PS, PP, PVC and PET (Gewert et al. 2015) . Owing to the reduced exposure to oxygen in more profound regions, anaerobic conditions may develop, particularly in water saturated soils, which leads to a lower number of oxidative degradation processes. Although complete anaerobic conditions are likely not reached in soils that are not water saturated, the reduced presence of oxygen will also result in lower degrees of degradation.
Although numerous organisms have been reported in the literature as being capable of efficiently biodegrading these recalcitrant materials, including the famed Ideonella sakaiensis (Yoshida et al. 2016) , bacteria from the gut of the earthworm Lumbricus terrestris (Huerta Lwanga et al. 2016) and from the waxworms Plodia interpunctella (Yang et al. 2014) , marine fungus, Zalerion maritimum (Paço et al. 2017) or caterpillars of the wax moth Galleria mellonella (Bombelli et al. 2017) , these organisms are not likely to be present in soils, and, more specifically, in agricultural soils. Furthermore, as previously noted, even for organisms that naturally occur in soil and that exhibit biodegradation capabilities, such as Aspergillus tubingensis (Khan et al. 2017) , Microbacterium awajiense (Huerta Lwanga et al. 2018) or Trichoderma sp. (Loredo-Treviño et al. 2011) , more readily available substrates found in soils could imply that the biodegradation of plastic materials by these organisms becomes negligible (Ng et al. 2018) .
During oxidation, groups formed may interact with soil constituents, which, in turn, may affect their degradation kinetics. Therefore, the physical and chemical characteristics of plastics probably evolve in a rather complex and dynamic form, which will also depend on the type of soil. For example, polycaprolactone (PCL) exposed to clay and sandy soils was determined to undergo degradation to a greater extent in clay soils (C esar et al. 2009 ). Additionally, modern polymer applications involve the use of a vast array of additives, including surfactants, plasticizers, pigments, lubricants, dispersants or antistatic agents, among others (da Costa et al. 2016) , which affect both the characteristics and interactions of plastics with soil matter, organic and inorganic. These substances may, in fact, become involved in a bidirectional relationship, as evidenced by the recovery of Endosulfan, an off-patent organochlorine insecticide and acaricide, from PE films used in plastic mulching, and its subsequent transfer to soils (Ramos et al. 2015) . The incorporation of these agrochemicals could also render the plastic materials less resistant to degradation by altering their radiometric properties, mechanical strength and gas permeability, which make them more susceptible to embrittlement and photodegradation (Dehbi et al. 2017) . These increasingly smaller particles exhibit higher surface-to-volume ratios, which may also have consequences on the dynamics of the interactions of these materials, not only with soils, but also biota.
Analytics
Understanding the de facto prevalence of plastics, and, more specifically, of MPs in the environment is strategic not only to understand their potential effects, but also to develop specific regulatory instruments that may allow curtailing their presence. Notwithstanding the numerous concerns related to these particles in the environment, studies examining their occurrence in soils and their associated effects are comparatively scarce compared with those focusing on the ocean. However, some of the intrinsic problems regarding the sampling, isolation and characterisation of these materials are transversal and apply to either solid, liquid or even gaseous matrices, including the lack of standardised protocols for their sampling and analysis, which, in essence, tend to result in inadequate data comparability and, potentially, uncertain conclusions.
For the sampling of soils, different researchers tend to resort to different strategies. Samples may be collected, for example, using steel tools (Scheurer and Bigalke 2018) , Van Veen grabs (Claessens et al. 2011) , coring (Ballent et al. 2016) or a combination of these, as emphasised in Fig. 2 .
Although these different methodologies for sampling may yield identical results, a detailed and exhaustive study (or studies) that compares the findings from soils obtained involving distinct sampling strategies to corroborate or disprove such an assertion is still lacking. However, it is possible that different sampling approaches may yield disparate results, as recently demonstrated for seawater, when comparing the results obtained using either a neuston net or grab sampling methods (Barrows et al. 2017) . Soils, as three dimensional structures, should be sampled as such. However, this is not always the case. For example, Hengstmann and colleagues report a sampling methodology using a 25 Â 25 cm (625 cm 2 ) area and the 'first 2-3 cm were removed (1250-1875 cm 3 )'; however, the authors did not specify whether the reported sampling depth ('2-3 cm') varied within a sample area or was either 2 or 3 cm for each sample; furthermore, when reporting the results in number of particles for dry weight, the authors did not mention which samples contained the larger volume (Hengstmann et al. 2018) . This is important because larger volume samples, stemming for the deeper sampling methodologies, could result in an under-or overestimation of the number of particles per dry weight, as these can suffer vertical transfer in soils, arising from human activity. Other authors have described different sampling areas with distinct depths of sampling of agricultural soils. For example, Liu and colleagues sampled 50 Â 50 cm (2500 cm 2 ) areas at two depths: 0-3 cm and 3-6 cm. This totalled sampling volumes of 7500 cm 3 of agricultural soils ), although the authors underlined that only 1 kg of soil was collected. Hence, it was not clear if the entire volume comprised by the area and depths of the sampling zones was analysed or only the noted fraction (1 kg). Nonetheless, the work highlighted the importance of describing the presence of these materials at different depths, effectively demonstrating that MPs undergo vertical transport.
Sample processing and identification is also a key issue in MP-related research. The most commonly used approaches for isolating MPs from their matrices frequently entail some form of density-based separation techniques, which may be followed by various combinations of physical and chemical processes (Bläs-ing and Amelung 2018). Standardised methods for both sampling and extraction techniques for quantifying MPs in sandy matrices has been proposed (e.g. (Besley et al. 2017; Weber et al. 2018; NOAA 2015; OSPAR 2010) ), but, for other types of soils, standardised methods are yet to be proposed and validated. Some suggestions, nonetheless, have been offered. For example, Fuller and Gautam recommended the use of a simple, costeffective method based on pressurised fluid extraction, although it did not allow for the measurement of size fractions of the MPs in samples, and the method obliterated the morphology of the plastic particles, thus not allowing physical characterisation tests for source attribution (Fuller and Gautam 2016) . Similarly, Zhang and colleagues developed a flotation-based method to extract, distinguish and quantify MPs in different types of soils ). However, presently, the method has only been tested for the determination of PE and PP MPs, low density polymers, which presents obvious limitations to its widespread use in the accurate assessment of all types of MPs found in soils.
However, presently, different methodologies continue to be applied by different researchers and/or institutions, which, consequently, renders the comparison of the reported data difficult, particularly when these data are conveyed in distinct units (Underwood et al. 2017) . These different challenges are highlighted in Table 1 , which describes the different types of sample collection, identification and characterisation methods.
As with any other experimental protocol, sample handling must be judiciously evaluated. This is, however, of special relevance when assessing the presence of MPs in the environment, as most sampling methodologies are non-selective, thus entailing succeeding cleaning and isolation steps (Löder and Gerdts 2015) . From this point, care must be taken to avoid any potential contamination, which can arise from numerous sources, including field gear, clothing, sieves and nets, storing containers, and plastic ware and air conditioning systems during laboratory manipulation and analysis. As noted by Costa and Duarte, any sampling process involves not only the capture of the plastic particles by the sampling tool, but also isolation from the matrix, whether soil, water or tissue, before proceeding to the subsequent steps of identification, characterisation and quantification .
Contrary to the identification and characterisation of MPs in water samples, which is often based on the use of Fouriertransform infrared (FTIR) and/or Raman spectroscopies (e.g. (da Costa et al. 2018; Imhof et al. 2013 )), the highly variable content of organic matter, ranging from 0.02 % in desert sands to nearly 100 % in bog soils, which interacts with the soil constituents, including minerals, makes the analysis of soils rather complicated, as it may preclude the MPs from visual identification and may distort the signals obtained through FTIR and Raman spectroscopies (Bläsing and Amelung 2018) . Therefore, a recommended protocol for the analysis and quantification of MPs in soils could be divided into a series of procedures, summarised in Fig. 3 . Each step may be achieved through different approaches, whose potential advantages and drawbacks are described in Table 2 .
Following isolation, the identification and subsequent quantification of MPs in soils may be achieved through visual identification, FTIR or Raman spectroscopies, pyrolysis-gas chromatography-mass spectrometry (pyrolysis-GC-MS) or thermogravimetry coupled to MS (Table 2 ). However, the success of any given method that heavily relies on the effective removal of organic matter and visual sorting has been shown to exhibit misidentification rates of up to 70 % (Hidalgo-Ruz et al. 2012), with a demonstrated underestimation of fragmented MPs and overestimated presence of fibres. Consequently, visual identification is now best regarded as a supporting tool, also owing to the generally considered acceptable size limit of 500 mm for adequate identification (Renner et al. 2018 ). Such size limitation may be overcome by using electron microscopy, namely, scanning electron microscopy (SEM), but, despite the greatly enhanced resolution and detailed observations, the use of SEM reduces practicability, owing to the extensive times for sample preparation and analysis. Raman spectroscopy, although showing a better spatial resolution than FTIR, is highly affected by the autofluorescence -i.e. the natural emission of light -of organic matter (Bläsing and Amelung 2018) . It has been suggested that the use of low energy lasers of high wavelengths (.1000 nm) may counter this phenomenon, but this also results in a lower signal of the analysed polymers themselves (Löder and Gerdts 2015) . FTIR spectroscopy may also be used in the identification of MPs and, in fact, it is perhaps the most commonly used technique; ideally, samples should be dried, not only to avoid the IR signals from water, but also to reduce the contribution of any still present organic matter, although this is less troublesome than in Raman analyses. Samples may be randomly selected or, alternatively, chemical imaging using a focal array plan (FPA) may be implemented, thus allowing for the simultaneous analysis of multiple points (Renner et al. 2018) . Literature surveys suggest that microscopic variations of both Raman and FTIR (mRaman and mFTIR) spectroscopies have steadily become dominant in the identification of MPs (Fuller and Gautam 2016; David et al. 2018; Corradini et al. 2019) ; however, these methodological approaches will have to deal with an increasing number of samples, and, likely, with an increasing number of particles per sample, of which all spectra should be obtained, recorded and analysed (Renner et al. 2018 ).
Resorting to multiple spot analysis with an FPA detector, coupled to image analysis, may contribute to a certain degree of automated examination of samples, although the generated number of spectra may require highly potent hardware, as reports detail that up to 1.8 million spectra may be generated from just a few datasets . Alternatively, fluorescent tagging followed by mFTIR identification using Nile Red before density fractionation of marine sediments has been suggested and has resulted in decreased measuring effort and, owing to the solvatochromic nature of Nile Red, offers the possibility of plastic categorisation on the basis of the surface polarity characteristics of the identified particles (Maes et al. 2017) . This approach may be susceptible to semi-automation, with a concomitant reduction of operator errors and biases, by coupling it to static image analysis . This is based on the commercial solutions already available, such as the Horiba Particle Finder Module, which has already been demonstrated to be feasible in complex matrices, namely, food (Oßmann et al. 2017 ). Yet, independent of which method is used by researchers when identifying MPs in either liquid or solid matrices, data evaluation is an often an overlooked aspect. More precisely, although authors meticulously describe the analytical processes used, they tend to fail in providing information regarding the inspection and interpretation of the measurement data. In other words, authors frequently omit if the identification of the polymers is performed manually or by resorting to automated library searches, and, when such an automated protocol is used, which algorithm is applied. This information is essential for the direct comparison of the experimental data.
Emergent techniques in the analysis and quantification of MPs, such as Pyr-GC-MS or thermogravimetric analysis-mass spectrometry (TGA-MS) (Dümichen et al. 2017; David et al. 2018) , may be suited for some analyses, although the need to individually isolate each particle to be analysed precludes these techniques from being used in routine investigations or large scale studies. Additionally, these are presently experimental techniques that require time, effort, and high maintenance costs.
From Table 2 , it is clear that numerous tools and methodologies exist for the isolation, characterisation and quantification of plastics from sediments, with promising results. However, it is also evident that these strategies still exhibit some limitations that require further research and validation, before their implementation as standardised protocols for the quantification of (micro)plastics in soils. The necessary steps listed highlight the inherent intricacy in the analysis of these contaminants in complex matrices, such as sediments and soils. These should encompass protocols that, ideally, should be of low cost, easily executed and that have no consequences of the chemical and physical properties of the analytes, i.e. plastics. Accordingly, hyperspectral imaging has been recently suggested as a novel approach for the detection and quantification of MPs on soils, by directly imaging the sample soils in the wavelength range between 400 and 1000 nm (Shan et al. 2018) . Fast and without the need of any sample preparation, this technique allowed for the identification of PE particles in size ranges of 1-5 mm and 0.5-1 mm with precisions of 84 % and 77 %, respectively, when resorting to a support vector machine (SVM) algorithm. Although showing promising results, the authors underline that this method can only be directly applied in the determination of MPs on soil surfaces, thus precluding from examination plastics that are immediately underneath the soil surface. Steps recommended for the analysis and quantification of MPs in soil samples. Adapted from Bläsing and Amelung (2018) . The mineral phase removal process may be preceded by a preliminary sorting process, such as serial sieving, using different sieves of decreasing mesh size. The current lack of standardised methodologies, as well as the various experimental techniques available for the characterisation and quantification of MPs in soils, highlights the current need to further research and develop robust methods -ideally, automated -specifically aimed at the quantification of different plastics in these complex environmental samples.
Risks
Similar to all contaminants, the presence of MPs has the potential to exert ecotoxicological effects in both soils and biota, though it should be noted that their presence (contamination) does not equal ecotoxicity (pollution). For example, in a recent review on the impacts of marine debris, the authors concluded that, in spite of the ecological impacts stemming from the presence of plastic debris, there was little evidence pointing to any toxicological effects (Rochman et al. 2016) , thus underlying the need to accurately distinguish the reported presence of these materials in the environment and the often conjectured harm to biota and the environment itself. Plastics are themselves frequently considered as biochemically inert, but their presence may result in significant changes of the integral biophysical soil characteristics, namely, water holding, bulk density and the functional relationship between water stable aggregates and microbial activity, as has recently been evidenced (de Souza Machado et al. 2018) . These materials can also certainly be ingested, owing to their small size (Huerta Lwanga et al. 2017b ). However, current thermoplastics applications rely heavily on the use of sub-micron additives, mostly plasticizers, antioxidants, flame retardants and photostabilisers , commonly of small molecular size and not chemically bound to the polymer (da Costa et al. 2017 ) and consequently susceptible to leach from the plastic particles. Generally, these compounds are also hydrophobic, not readily biodegradable and, being lipophilic in nature, these additives may permeate cell membranes and become involved in biochemical reactions with concomitant potential (cyto)toxic effects (Crawford and Quinn 2017: pp. 159-178) . Even pristine plastics may display such ecotoxicological potential by either releasing constitutional monomers or through the adsorption of pollutants found in the environment, such as persistent organic pollutants (POPs) and emerging pollutants, as well as heavy metals (Hodson et al. 2017) . This is of particular relevance in wastewater treatment plants, as some effluents have been described as showing levels of such organic pollutants at parts per trillion (Bulloch et al. 2015; Yang et al. 2017) , which may be adsorbed and enriched on the surfaces of MPs. As such, potentially ingested MPs may not only have direct physical consequences, such as blockage, false satiety and additional energy expenditure for egestion, but also indirect consequences stemming from the leakage of such contaminants, including POPs and heavy metals and, perhaps, pharmaceuticals, particularly those of an hydrophobic nature (Wu et al. 2016 ). More alarmingly, recent studies have reported that MPs themselves may cross the blood-brain barrier and accumulate in the brains of fish, which leads to behavioural disorders, including slower eating patterns and lower exploratory activities of the surrounding environments (Mattsson et al. 2017) . Although these findings pertain to fish, there is reason to speculate that this may also occur in terrestrial-dwelling organisms.
These materials may have a profound impact at a basic biological level, i.e. on the soil microbiome. In fact, while assessing the potential effects of plastic film residues on the occurrence of phthalates and microbial activity in soil, Wang and co-workers noted that soil microbial activities declined, at least in part as a result of the phthalates derived from plastic film residues (Wang et al. 2016) . Interestingly, however, Sun and colleagues recently demonstrated that the presence of MPs in agricultural soils inhibited the dissipation of soil antibiotics and antibiotic resistant genes (Sun et al. 2018 ). This may arise from the porous structure and high specific surface area of MPs, which allow these materials to adsorb the present pollutants, and leads to a reduced bioaccessibility of the antibiotic tested.
Ingestion of MPs has been demonstrated for numerous aquatic organisms, from zooplankton (Desforges et al. 2015) and oysters (Cole and Galloway 2015) , to fishes (Neves et al. 2015) and whales (Lusher et al. 2015) , albeit often under unrealistic experimental microplastic concentrations, when compared with those found in the environment (Phuong et al. 2016) . Alas, only a handful of studies have evaluated this phenomenon in terrestrial organisms, although the active uptake of PS microspheres by the nematode Caenorhabditis elegans has already been established, which showed the accumulation of these particles in the intestinal tracts of the organisms (Kiyama et al. 2012) . Similarly, the survival and fitness of the earthworm Lumbricus terrestris (Oligochaeta, Lumbricidae) was severely affected when exposed to polyethylene MPs (Huerta Lwanga et al. 2016) . Data showed that growth rates decreased, mortality rates increased and the number of tunnels was also significantly lower at 28 % MPs in litter. Interestingly, the tested treatments showed no effects on reproduction, as assessed by cocoon production and biomass. In a follow-up study, the authors evaluated the incorporation of MPs from litter into burrows for this species and determined that denser and heavier burrow walls were found under litter MPs (Huerta Lwanga et al. 2017a ). This high biogenic rate of incorporation of these small plastic particles may increase the risk of leaching, as burrows exert a preferential flow effect on groundwater bodies, with potential implications on the availability of MPs to terrestrial organisms and on the potential transport of organic contaminants adsorbed on these plastic materials. Although the tested concentrations in both these studies were high, particularly when considering the expected levels arising from diffuse plastic contamination (Horton et al. 2017) , they may be ecologically relevant in some point sources, including those pertaining to in situ fragmentation and degradation. More recently, Rodriguez-Seijo and colleagues demonstrated that exposure to polyethylene MPs resulted in severe histological damages in the gut of Eisenia andrei Bouch e earthworms, including gut inflammation (Rodriguez-Seijo et al. 2017) . As noted by the authors, these effects were observed under conditions in which a maximum concentration of 0.1 % MP (w/w) was tested, which suggested that the obtained data is of environmental relevance. Considering the present paucity of studies focusing on the prevalence and effects of MPs in soils, it is therefore clear that more research is needed that focuses on the risks that MPs pose not only to the environment and biota, but to human health as well. The underlying mechanisms of processes involved also need to be assessed and evaluated as, at present, these are still poorly understood (Crawford and Quinn 2017: pp. 159-178) .
Future research
Recently, Bonanno and Orlando Bonaca asked 10 'inconvenient questions about plastics at sea' (Bonanno and Orlando-Bonaca 2018) . The authors questioned, among other things:
1. Are there realistic estimates of the quantity of plastics released into the sea? 2. Do we know all the sources of plastics that end up in the sea? 3. What is the fate of plastics released into the sea? 4. What are the ecological effects of plastics on the sea? 5. What do we know about the transfer of plastics across marine trophic levels?
Although it is not quite clear why the authors classified these questions as 'inconvenient', they are an updated reflection on the current state of microplastic-related contamination and pollution on marine waters, and we would venture that similar questions should be asked regarding soil plastic contamination. In fact, from the discussion in the above sections, clear research needs to be carried out in the following areas:
1. Extensive field work for the de facto estimation of the prevalence of MPs in different types of soils -currently, most focus on either agricultural soils or beach and sediments (see Table 1 ); these should include a multivariate analysis that allows identifying spatial or temporal patterns in contamination; 2. Dedicated experiments, in both laboratorial and field settings, aimed at estimating the methods and rates of movement of MPs in soil, including risks of these particles reaching groundwater; such studies should encompass the use of MPs of various sizes, shapes, colours and types; 3. Research on the interactions of MPs with soil aggregates and their consequence on soil morphology and characteristics (such as porosity) and the rates of (bio)degradation and biological interactions; similarly, it is necessary to establish the relationships -if any -of different components of MPs with other contaminants or environmental factors; 4. Do the aforementioned characteristics and interactions affect the behaviour and bioavailability of MPs in soils? 5. How do all of the above data specifically apply to agricultural soils, the (most likely) direct source of impact of MPs and their associated risks on human health?
These research questions may also be extrapolated towards the study on the presence and effects of nanoplastics, particularly regarding the development of adequate analytical methods for their identification and quantification. Owing to their expected low levels in environmental samples (Gottschalk et al. 2009 ) and to the fact that most specific analytical tools display sensitivities that are not suitable (von der Kammer et al. 2012), such technological restrictions still limit the analysis of nanoplastics in the environment.
The future of both micro-and nanoplastic research lies on successfully answering these questions, essential for obtaining solid scientific evidence that may guide actions on the management and mitigation of plastic contamination and pollution.
Conclusions
There is an alarming paucity of data regarding microplastic contamination in soils. This may result from the current lack of awareness, opposed to that that exists for (micro)plastic pollution in the oceans, increasingly present in the media, or owing to the inherent methodological challenges for its assessment in complex matrices, such as soil. Some methods for the quantification of MPs in sediments exist that, nonetheless, require adjustments. There is the need to overcome the current shortcomings in defining and standardising sampling and quantification parameters, and the techniques for their detection, isolation, identification and quantification should be costefficient and amenable to high-throughput analysis, owing to the crescent need of sample number and sample volume.
Currently available data suggest that the plastic contamination levels have reached magnitudes identical to those of heavy metals and the alarming lack of knowledge of the ecotoxicological effects of these materials in every environmental compartment, with a special emphasis on soils. This highlights the need to implement standardised methodologies from which environmentally relevant data may be used to actively fill this knowledge gap and aid in the development and implementation of regulatory instruments aimed at curtailing such effects.
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